Abstract. The fibrillar collagen network in tumor and normal tissues is different due to remodeling of the extracellular matrix during the malignant process. Collagen type I fibers have the crystalline and noncentrosymmetric properties required for generating the secondharmonic signal. The content and structure of collagen were studied by imaging the second-harmonic generation ͑SHG͒ signal in frozen sections from three tumor tissues, osteosarcoma, breast carcinoma, and melanoma, and were compared with corresponding normal tissues, bone/femur, breast, and dermis/skin. The collagen density was measured as the percentage of pixels containing SHG signal in tissue images, and material parameters such as the second-order nonlinear optical susceptibility given by the d 22 coefficient and an empirical anisotropy parameter were used to characterize the collagen structure. Generally, normal tissues had much more collagen than tumor tissues. In tumor tissues, a cap of collagen was seen at the periphery, and further into the tumors, the distribution of collagen was sparse and heterogeneous. The difference in structure was reflected in the two times higher d 22 coefficient and lower anisotropy values in normal tissues compared with tumor tissues. Together, the differences in the collagen content, distribution, and structure show that collagen signature is a promising diagnostic marker.
Introduction
Collagen forms the structural network of the extracellular matrix ͑ECM͒ in tissue and is the most abundant protein in vertebrates. Fibrillar collagen type I consists of a triple helical macromolecule that self-assembles into fibrils and fibers. The molecular organization, amount, and distribution of fibrillar collagen type I are important for the structural and mechanical properties of tissue and play an important role in wound healing and aging and in diseases such as cancer, atherosclerosis, and diabetes. [1] [2] [3] [4] Collagen fiber type I has the crystalline and noncentrosymmetric properties required for generating the second-harmonic signal. [5] [6] [7] [8] Second-harmonic generation ͑SHG͒ is an optically nonlinear coherent process where the emitted light has exactly half the wavelength of the two incident photons. 9, 10 The energy is thus conserved, and no absorption occurs. This makes SHG a powerful tool for detecting and visualizing the 3-D collagen network without any exogenous labeling, and no photodamage takes place. Indeed, SHG combined with twophoton microscopy has been used to study collagen type I, both in tissue sections 11 and intravitally, 12, 13 and may be used for noninvasive tissue characterization and high-resolution imaging. Nonoptical techniques such as x-ray, magnetic resonance imaging ͑MRI͒, ultrasound, and optical techniques such as optical coherence tomography ͑OCT͒ are also noninvasive and are used for 3-D imaging of tissue. However, in these cases, the resolution is not sufficient to visualize cellular structures and collagen fibers. Histopathology in combination with light microscopy has been a traditional method in cancer diagnosis, although new molecular markers have refined the diagnostic work in recent years. The expression of HER2 in breast cancer is one example.
14 Collagen may be an additional cancer marker, as the content and distribution of collagen in cancer tissue are different from corresponding normal tissue due to remodeling of the ECM during the malignant process. [15] [16] [17] Metalloproteinases play an important role in degrading collagen type IV in the basement membrane and collagen type I and other collagen types in the ECM in order to promote invasion and metastasis of cancer cells. 18 The purpose of the present work was to exploit SHG-based laser scanning imaging to characterize the content, structure, and distribution of collagen in frozen sections from various tumor tissues growing in mice ͑osteosarcoma, breast carcinoma, and melanoma͒ and corresponding normal mice tissues ͑femur, breast, and skin/dermis͒ to investigate whether the SHG signature of collagen is a potential diagnostic marker. Collagen type I was characterized both qualitatively and quantitatively by determining the collagen density and calculating structural material parameters such as the second-order nonlinear optical susceptibility and an anisotropy parameter. Large differences were observed in the content and distribution of collagen type I, and significant differences were found in the determined structural material properties.
Theory

Second-Order Nonlinear Optical Susceptibility
The polarization induced by an electromagnetic field can be expressed in a power series of the electric field strength E i ͑i , j , k͒: 
͑2͒
where ␤ is the angle in the xy-plane between the collagen fiber axis and the electric field, and ␦ is the angle between the fiber and the xy-plane as described by Erikson et al. 22 Maximum SHG intensity is obtained when the collagen fibers are aligned parallel to the polarization direction of the laser beam, i.e., ␤ =0, and the collagen fibers are lying in the xy-plane, i.e., ␦ =0. In this case, d ef fʈ = d 22 , and this condition therefore allows determination of d 22 independent of the value of d 16 .
The SHG signal intensity for a focused Gaussian laser beam is related to the d ef f coefficient by: 20, 23 
where p is a parameter containing fundamental constants and beam characteristics such as the Rayleigh radius z R and the fundamental frequency, I is the laser light intensity, n m is the refractive index at frequency m ͑m =1,2͒, d ef f is the effective second-order nonlinear susceptibility, z 0 represents the value of z at the entrance to the nonlinear medium, L is the length of the medium, and ⌬k =4͑ ͒ −1 ͑n − n 2 ͒ is the phase mismatch.
The d 22 coefficient of collagen can be determined based on the SHG signal intensity from collagen under ␤ =0, ␦ =0 conditions and using a reference sample with known d 22 coefficient. LiNbO 3 crystal was used as a reference sample. The SHG signal intensity was measured as the average intensity in a given region of interest ͑ROI͒. The d 22 for collagen was determined by:
where the thickness of the crystal and the tissue section was 500 m and t s , respectively. The other parameters were d 22,LiNbO 3 = 2.76 pm V −1 , n LiNbO 3 = 2.26, ⌬n LiNbO 3 = −0.2, n collagen = 1.5, ⌬n collagen = −0.03, where ⌬n = n − n 2 ͑Refs. 20 and 24.
Polarization of the SHG Signal
The efficiency of SHG light is sensitive to the collagen orientation when the incident light is polarized, 25 and hence the polarization measurement of SHG light is effective in probing the collagen orientation in the tissues. 7, 26 To quantify the collagen orientation in tissue, an empirical anisotropy parameter was introduced:
where I ʈ and I Ќ were taken as the SHG intensity parallel and perpendicular to the polarization of the incident laser beam, respectively. The anisotropy parameter was used to quantify the order of alignment of fibers, ranging from 1 for completely ordered fibers to 0 for fibers not aligned at all.
Material and Methods
Sample Preparation
To determine the optical susceptibility of collagen in tissue sections, a 500 m z-cut single-crystal LiNbO 3 ͑1691-5 In-rad Northvale, New Jersey͒ of known second-order nonlinear susceptibility was used as a reference sample. Four human cell lines were grown as xenografts in 7 to 9-week-old female athymic BALB/c nu/nu mice ͑Taconic, M&B, Ry, Denmark͒, by injecting 30 l suspension of 2 ϫ 10 6 cells subcutaneously. Two osteosarcoma cell lines OHS 28 and KPDX, 29 one melanoma cell line FME, 30 all established at the Norwegian Radium Hospital, and one breast tumor line MCF7, 31 from the American Type Culture Collection, were used. The xenografts were grown for 3 to 6 weeks, and tumor size varied from 500 to 1000 mm 3 . The animals were kept under pathogen-free conditions at a constant temperature of 24 to 26°C, at a humidity of 30 to 50%, and allowed food and water ad libitum. All animal experiments were carried out with ethical committee approval. The mice were sacrificed by cervical dislocation and the tumor excised. Corresponding normal tissue was prepared from femur, dermis of the skin, and breast. The femurs were fixed in 4% paraformaldehyde and decalcified in 10% EDTA for 7 days before freezing. All tissue samples were embedded in Tissue Tec ͑O.C.T, Histolab Products, Gøteborg, Sweden͒ and frozen in liquid N 2 , and 5-m-thick sections were mounted on glass slides. Two sections per tissue were imaged, and the sections were obtained from two different mice. The sections were taken approximately 1 to 1.5 mm and 100 m into the tumor and normal tissue, respectively.
Staining with Picrosirius Red
Sections were stained with Picrosirius red ͑Polyscience, Inc., Warrington, Pennsylvania͒ for collagen detection. In our procedure, Harris Hematoxylin ͑Sigma, St. Louis, Missouri͒ did not stain the nucleus and was therefore omitted. The sections were rinsed in water and incubated with 0.5% aqueous solution of Picrosirius red for 1 h at room temperature before rinsing with 0.5% acetic acid ͑Merck, Darmstadt, Germany͒. The sections were imaged shortly after staining without any fixation.
Two-Photon Microscopy
The SHG measurements were performed using a confocal laser scanning microscope ͑CLSM͒ ͑LSM Meta 510, Zeiss, Germany͒ and a Plan-Neofluar 20ϫ / 0.5 objective. Samples were illuminated by a Ti:Sapphire laser ͑Mira Model 900-F, Coherent, Inc., Laser Group, Santa Clara, California͒ pumped with a 5-W Verdi laser. The SHG signal intensity was previously shown 22 to yield the largest values between 800 to 810 nm and the samples were excited at = 810 nm. The laser beam had a pulse width of approximately 180 to 200 fs at the 76-MHz repetition rate. Maximum laser output at the objective was 15 mW. This effect was used for imaging tumor tissue, whereas approximately 70% and 40% laser output were used for imaging normal tissue and the LiNbO 3 crystal, respectively. A bandpass filter ͑385 to 425 nm͒ was placed in front of the photomultiplier tube ͑PMT͒ detector. The SHG signal was detected in the forward direction. This setup was used to image the collagen distribution.
To determine the nonlinear second-order optical susceptibility and the empirical anisotropy parameter, a rotation table was used and the sample was rotated in the xy-plane with the excitation laser light propagating along the z axis, as described by Erikson et al. 22 The sample was rotated one full revolution, and the SHG signal was imaged at every 10 deg. SHG signal intensity was measured as described in Sec. 3.5. A linear polarizer ͑analyzer͒ was placed after the sample, between the condenser and the detector, oriented parallel to the linearly polarized laser light.
The Rayleigh radius of the laser beam was determined as previously described 22 and found to be z R =5 m for the 20 ϫ / 0.5 objective used.
The reference SHG signal I 2LiNbO 3 became saturated when using the same laser power as for I 2collagen . To obtain the correct reference value of I 2LiNbO 3 in Eq. ͑4͒, a nonlinear calibration curve was established. The calibration curve was based on measurements of I 2LiNbO 3 by varying laser power until signal saturation occurred and subsequently extrapolating the established calibration curve to the intensity corresponding to collagen laser power.
In order to determine the location in tissue from where the SHG signal emerged, the tissue was also imaged by light microscopy using differential interference contrast.
The CLSM was equipped with a Meta detector, which uses a grating to disperse the emission light into 32 different channels at 10-nm intervals in the spectral range from 400 to 710 nm. The Meta detector, which operates in reflection mode, was used to study SHG spectra and spectra of two-photon excited autofluorescence.
Polarization Microscopy
The Picrosirius red-stained samples were imaged with an Olympus 1 ϫ 70 microscope using a 20ϫ / 0.2 objective. Images were collected with a digital camera ͑Nikon Coolpix 995͒. Picrosirius red is known to strongly enhance the birefringence of collagen fibers and fibrils. 32 To reveal this birefringence, the images were recorded without or with a polarizer in front of the sample and an analyzer placed after the sample perpendicular to the polarizer. In this way, the total collagen and the collagen that possesses birefringence could be compared.
Image Analysis
Thresholding was performed to exclude background and noise. The threshold was set to a level where only one out of a thousand pixels in a collagen-free background image would be visible.
The percentage collagen area represents the collagen density and was determined as the number of pixels in a thresholded image ͑i.e., SHG pixels͒ divided by the total number of pixels in the same image with no thresholdϫ 100.
Collagen fiber thickness was determined by placing a line perpendicular to collagen fibers in the xy-plane, and a specially written program analyzed the intensity plot and calculated the fiber thickness, i.e., full width at half maximum ͑FWHM͒. The program was developed as a macro in ImageJ ͑ImageJ, NIH, Bethesda, Maryland͒.
Determination of the second-order nonlinear optical susceptibility ͑d 22 coefficient͒ required placing a ROI. Each ROI had to be manually marked in every thresholded image after the 10-deg increment. Great care was taken when placing the ROI to be sure that it was placed in the same area as the previous image. Only circular ROIs were used. The size of the ROI was chosen to contain only well-ordered, collagen fibers. Fibers not aligned will give maximum intensity at different azimuth angles, resulting in low d-values. Average SHG intensity within the ROIs was calculated at every 10-deg increment. Maximum SHG intensity was obtained when the collagen fibers were oriented parallel to the polarization of the laser beam, and this condition determined ␤ =0. The maximum SHG intensity measured was used to determine d 22 from Eq. ͑4͒. SHG intensities obtained within the ROIs were transferred to MATLAB ͑The MATH Works, Natick, Massachusetts͒ for further analysis and for generating the polar plot by fitting Eq. ͑2͒ to experimental data, using the calculated d 22 as an input parameter and d 16 as a free parameter.
A program for automatically placing the ROI in the images was developed. The program was based on the Stackreg plug-in for ImageJ. 33 With some adjustment, this program rotated and aligned images automatically before placing the ROI. However, d 22 values obtained with the manually and automatically placed ROI showed some discrepancy; therefore, the more reliable manually placed ROIs were used.
Determination of the empirical anisotropy parameter was based on ROIs automatically placed in the image. Manually and automatically placed ROIs gave the same anisotropy values. Automatic placing of square ROIs allowed measurements of the entire image by placing the ROIs next to each other. The alignments of the fibers and thus the anisotropy parameter will be sensitive to the size of the area investigated. ROIs of sizes 54ϫ 54 m 2 , 36ϫ 36 m 2 , 18ϫ 18 m 2 , and 9 ϫ 9 m 2 were examined, and corresponding anisotropy values calculated. ROIs with no collagen content were rejected by thresholding. The SHG intensities parallel and perpendicular to the polarization of the incident laser beam were transferred to MATLAB for calculation of the anisotropy parameter ͓Eq. ͑5͔͒.
Statistical Analysis
Statistical significance between Gaussian-distributed data was determined by a two-sample Student t-test ͑Minitab, Minitab, Inc., State College, Pennsylvania͒. The significance criterion was p ഛ 0.05.
Results
General Description of the Collagen Structure
Image visualization of the collagen type I network in tumor tissue by the SHG signal revealed few collagen fibers, being both sparsely and heterogeneously distributed. At the periphery of the tumor, a dense cap of collagen could be observed. The cap was formed by long fibers oriented along the outer periphery and shorter fragments facing inward. The collagen fibers in the ECM farther away from the cap appeared short and straight and formed single fibers or small bundles. The apparent length of fibers depended on the angle between the fiber and the xy-plane. A typical distribution of collagen fiber type I with corresponding percentage of the area covered by collagen ͑collagen density͒ is shown in Fig. 1 for a melanoma. The osteosarcomas and breast carcinomas showed similar distributions. The collagen cap in the periphery represented approximately 50 to 60% of the area in this region, whereas only 0 to 9% of the section contained collagen farther into the tumor. The sparsely detected collagen network may be due partly to the SHG signal intensity not being sufficiently strong to be detected.
In order to visualize not only collagen type I but also other forms of collagen, the tissue sections were stained with Picrosirius red, which also binds to less crystalline collagen such as types III and V ͑Ref. 5͒ and weakly to nonfibrillar collagen type II ͑Ref. 34͒ and type IV ͑Ref. 35͒. Picrosirius red is an acidic dye, and collagen being rich in basic amino acids strongly reacts with Picrosirius red. It also has the property of enhancing the birefringence of collagen fibers. Figure 2 compares the collagen network visualized by SHG ͓panels ͑a͒,͑d͒,͑g͔͒, collagen-Picrosirius red birefringence by polarization microscopy ͓panels ͑b͒,͑e͒,͑h͔͒ and collagenPicrosirius red by bright-field microscopy ͓panels ͑c͒,͑f͒,͑i͔͒. Osteosarcoma, breast carcinoma, and melanoma are shown in the upper, middle, and lower rows, respectively. In the brightfield image, collagen appeared red, whereas in polarization microscopy, the thickness of collagen fibers determined the color of Picrosirius red. Bright yellow to red corresponded to thick collagen fibers, whereas thin collagen fibers were displayed as green-yellowish. 34 All three types of images displayed collagen type I fibers clearly, and demonstrated that most of the collagen is of type I. The birefringence images showed additionally some straight, thin green fibers that were not detected by SHG, and these were probably collagen type III. The red dots shown in the birefringence image may be noncrystalline collagen fibers, collagen fragments, or vertical fibers not being able to form an SHG signal ͓cos ␦ =0, Eq. ͑2͔͒.
Normal tissue showed a different collagen content and distribution, and each of the three tissue types studied had their own characteristics ͑Fig. 3͒. In general, normal tissue had much more collagen type I fibers, covering approximately 80% of the area in bone and 40% in breast and skin, and no collagen cap was observed. The structure of collagen fibers reflects physical properties of the tissue. In bone, which has to withstand high tensile stress, the collagen fibers formed a rather compact network with long collagen fibers aligned parallel to the axis of the femur. In dermis of the skin, which is Fig. 2 The distribution of collagen in tumor tissue. Left column ͓͑a͒, ͑d͒, and ͑g͔͒ shows SHG images; middle column ͓͑b͒,͑e͒, and ͑h͔͒ shows birefringence images of Picrosirius red stain collagen; and right column ͓͑c͒, ͑f͒, and ͑i͔͒ shows bright-field images of Picrosirius red stain collagen. The three tumor types OHS osteosarcoma ͓͑a͒, ͑b͒, and ͑c͔͒, MCF7 breast carcinoma ͓͑d͒, ͑e͒, and ͑f͔͒, and FME melanoma ͓͑g͒, ͑h͒, and ͑i͔͒ are shown. Fig. 3 The distribution of collagen in normal tissue. Left column ͓͑a͒, ͑d͒, and ͑g͔͒ shows SHG images; middle column ͓͑b͒, ͑e͒, and ͑h͔͒ shows birefringence images of Picrosirius red stain collagen; and right column ͓͑c͒, ͑f͒, and ͑i͔͒ shows bright-field images of Picrosirius red stain collagen. The three normal tissue types bone/femur ͓͑a͒, ͑b͒, and ͑c͔͒, breast tissue ͓͑d͒, ͑e͒, and ͑f͔͒, and skin/dermis ͓͑g͒, ͑h͒, and ͑i͔͒ are shown.
elastic and flexible, the collagen fibers appeared somewhat crimped and formed a loose network of large bundles of collagen, with areas without visible collagen fibers between. The dermal network did not have any specific orientation. Breast tissue also being elastic had a collagen network organization similar to skin, forming a loose network of bundles of collagen fibers. These bundles of collagen fibers were smaller and more crimped than in skin.
The birefringence images of normal tissues also revealed some fibers not detected by SHG. In addition, white spots surrounded by red circular fibers were seen. This may be blood vessels surrounded by collagen type III ͑Ref. 11͒.
The diameters of collagen fibers in the various tissues were compared. No significant differences were found. The fibers had average diameters ranging from 1.6Ϯ 0.5 m to 1.8Ϯ 0.5 m in the different tissues. However, it should be noted that in diffraction-limited optical microscopy, the resolution is given by the wavelength and numerical aperture ͑NA͒ of the objective, and for = 810 nm and NA= 0.5, the resolution is approximately 1000 nm; thus, smaller fibers and fibrils cannot be resolved.
Emission Spectra
The spectra associated with the SHG signal and autofluorescence induced by two-photon absorption were compared for the various tissues ͑Fig. 4͒. Each spectrum was obtained from a small ROI in an image. All spectra revealed the characteristic strong SHG signal as a narrow peak with maximum intensity at 405 nm, which corresponds to half the excitation wavelength. At longer wavelengths, the emission associated with fluorescence showed a broad feature of much lower intensity. This demonstrated that SHG was the dominating feature of the recorded images. At longer wavelengths, the emission spectra were broad with low intensity. This autofluorescence is mainly due to collagen and elastin, which are the two major proteins extracellularly contributing to autofluorescence, 36 and some cellular contributions may also be included. Spectra from normal and malignant breast tissues are shown in Figs. 4͑a͒ and 4͑b͒ , respectively, and the spectra are almost identical. Corresponding spectra from the other tissues were similar. SHG gives clearly a higher signal-tonoise ratio and thereby a better image than two-photon excited autofluorescence, although the combination of simultaneous SHG and two-photon autofluorescence is reported to provide detailed structural information important in diagnosis of diseases such as Alzheimer and cancer. 
Nonlinear Optical Susceptibility
Collagen is a hyperpolarizable material, and this property may be quantified by determining the d 22 coefficient, which represents the nonlinear optical susceptibility. The model described in Eq. ͑2͒ was fitted to the experimental SHG intensities obtained when rotating the tissue 360 deg and collecting an image every 10 deg. Representative polar plots of the various tissues are shown in Fig. 5 . Both experimental data and the fitted plots are shown.
Well-ordered areas display essentially the same polarization dependence in all the tissues investigated: The weakest signal from the fibers was found when the fibers were oriented perpendicular to the polarization of the incident laser beam. The agreement between the measurements and the theoretical model justifies the assumption made in the theory that collagen fibers have C ϱ mm-symmetry. Using an ROI containing bent and crimped fibers resulted in an almost equal SHG signal at all angles ͑Fig. 6͒ that could not be fitted by the theoretical model. Thus, such areas were avoided.
Well-ordered collagen fibers in normal tissue had d 22 and KPDX were significantly different. In the group of normal tissues, the d 22 value for bone was significantly lower than the values for breast and skin.
The calculated d 22 values depend on the thickness of the collagen fibers and the difference in refractive indices ⌬n 5 Polar plots of experimental SHG data ͑points͒ as a function of the azimuth angle ␤, and the graph fitted to the experimental data using Eq. ͑2͒ ͑solid line͒. Normal tissue ͑a͒ bone/femur, ͑b͒ breast, and ͑c͒ skin/dermis; tumor tissue ͑d͒ osteosarcoma ͑OHS͒, ͑e͒ breast cancer ͑MCF7͒, and ͑f͒ melanoma ͑FME͒. The polar plots represent ROIs containing well-ordered straight collagen fibers. = n − n 2 ͓Eq. ͑4͔͒. The estimated d 22 values in Table 1 are based on the assumption that t s is equal to the section thickness, i.e., 5 m, although each individual fiber diameter was measured to approximately 1.8 m. The assumption is justified by the fact that the Rayleigh radius was 5 m, and from the fiber thickness in the z direction, which was obtained from yz-projections of a z-stack through collagen fibers and found to be 3 to 4 m in both normal and tumor tissue. However, the low axial resolution excluded the characterization of fibers thinner than 3 to 4 m. Furthermore, calculation of d 22 as a function of t s showed that when t s is in the range 3 to 5 m, the d 22 coefficient is quite independent of thickness ͓Fig. 7͑a͔͒. Due to dispersion in collagen, there is a difference in the refractive indices of the incident laser light n and that of the produced SHG light n 2 . ⌬n = −0.03 was used for the calculated d 22 values, in accordance with other reports. 20 However, values of ⌬n in the range −0.08 to −0.03 have been reported. 37, 38 Changes in calculated d 22 values when ⌬n varies are shown in Fig. 7͑b͒ . Small changes in ⌬n, especially when ⌬n Ͻ −0.04, have a large impact on the d 22 value. The packing and density of the collagen fibers are tissue specific, and if ⌬n has a higher absolute value in normal tissue compared with tumor tissue, the d 22 value is underestimated and even higher in normal tissue than the values shown in Table 1 .
The model for calculating d 22 values is based on the assumption that the collagen fibers are located in the xy-plane, i.e., the plane of the frozen section. However, when cutting the tissue into frozen sections, collagen fibers at different angles ␦ relative to the sectioning plane are included. The impact of the angle ␦ on d 22 was therefore investigated ͑Fig. 22 d 16 may also be determined using a parallel polarizer and using the d 22 values as input for generating the best-fit values of d 16 from Eq. ͑2͒. However, in a previous study of rat tail tendon, the two approaches to estimate d 16 showed some discrepancy, 22 and reporting of d 16 was omitted in the present study.
Polarization of the SHG Signal
The anisotropy parameter defined in Eq. ͑5͒ was used to compare the orientation and degree of order of the collagen fibers. 27, 39 The number of collagen fibers in the ROI used to calculate the anisotropy parameter is of critical importance; thus, anisotropy was calculated for ROIs of various sizes from 9 ϫ 9 m 2 to 54ϫ 54 m 2 . From the histograms shown in Fig. 9 , a broad distribution of anisotropy values was demonstrated. In general, the tumor tissue had higher anisotropy values than normal tissue except for bone, which had values similar to tumor tissue. This difference was valid for all ROI sizes used. The higher anisotropy values found in tumor tissue is caused by the low collagen content, i.e., few collagen fibers were found in the ROI, resulting in higher alignment order of the analyzed contributions. In accordance with this, small ROIs showed higher polarization anisotropy values. The few collagen fibers in tumor tissue were straight and less crimped compared to normal tissue, as can also be concluded from visual inspection of Fig. 2 . In normal tissue, the ROIs contained several fibers that may be oriented in different directions. However, in femur, a more well ordered collagen network was observed ͑Fig. 3͒, resulting in higher anisotropy values than in breast and skin.
Discussion
Collagen Distribution
The collagen networks in tumor tissues and their corresponding normal tissues were strikingly different, suggesting that the collagen networks in tumor tissue have lost most of their normal functions. Consistent with our work measuring the collagen network by SHG, detection of collagen by other methods, such as light and electron microscopy as well as biochemical methods, revealed lower collagen density in tumor tissues compared to their corresponding normal tissues. 16, 17, 40 The difference is probably caused by increased metalloproteinase expression and activity produced by the tumor cells and stromal cells of the host as well as larger extracellular space in tumors. 41 Production of the ECM constituents depends on interactions between normal stromal cells and tumor cells, which stimulate and regulate stromal cells to produce an optimal environment for the growth of tumor cells. Fibroblasts are the main producer of ECM components, although sarcoma cells can also contribute, whereas carcinoma cells have less impact. 42 Despite this difference in the regulation of the production of ECM, osteosarcoma, breast carcinoma, and melanoma were found to have a similar collagen network. The cap of collagen surrounding the tumors has also been seen in other studies and is suggested to be caused by the tumor cells pushing aside preexisting collagen bundles of the connective tissue in order to get space, 17 as well as by interactions between the host mesenchymal cells and tumor cells. 42 
Nonlinear Optical Susceptibility
The intensity and polarization dependency of the SHG signal reflect the structure of the fibrils, 43 and normal tissue emitted more intense SHG light than tumor tissue. The maximum signal intensity occurs when fibers are aligned parallel to the polarization direction of the laser beam, and these SHG intensities resulted in higher d 22 values in normal tissue compared to tumor tissue, although collagen fibers in breast and skin appeared crimped, not displaying parallel orientation. Assuming the same sample thickness and same extent of dispersion in normal and tumor tissues, the d 22 coefficients were approximately twice as high in normal tissues compared to tumor tissues. However, the birefringence image of Picrosirius red-stained tissues section showed a red shift in normal tissues corresponding to thicker fibers. The thickness varied probably between 3 to 5 m, and in this range, the d 22 coefficient was shown to be essentially independent of the fiber thickness.
The generation of the SHG signal is not clearly understood. Packing of the triple helix into fibrils and fibers is essential, and the packing depends among other things on the microenvironment. A hostile microenvironment characterized by low pH, high ionic strength, and high enzymatic activity as found in tumors is reported to reduce the SHG signal intensity. 1 The orientation of neighboring fibrils is another important factor. The degree of parallel and antiparallel orientation of neighboring fibrils is suggested to determine the SHG intensity because parallel orientation may give coherent enhancement of the SHG signal, whereas antiparallel orientation introduces destructive interference. 20 The conventional model of collagen fibers consisting of fibrils forming a more or less compact structure has been challenged both by highresolution SHG imaging 7 and by atomic force microscopy. 44 These studies indicate a hollow tube-like structure, and the SHG signal is reported to emerge from the thin layer of collagen fibrils forming the outer wall of the tube and not from the interior of the fibrils. 
Polarization of the SHG Signal
An empirical anisotropy parameter may be a valuable diagnostic parameter, providing information about the orientation of collagen fibers. Collagen fiber orientation is closely related to the structure and function of the tissue. 27 A comparison between four polarimetric optical methods, reflected and transmitted fundamental light, two-photon excitation autofluorescence, and SHG, showed that SHG was the most sensitive to collagen orientation. 45 In the present work, tumor tissues having few and straight collagen fibers displayed higher anisotropy values than normal skin and breast tissues. Femur, which has a more well ordered collagen network, had anisotropy values close to osteosarcoma. Although caution should be taken using this parameter as a diagnostic indication on its own, it may provide important complementary information.
Clinical Implication
The ability to visualize the collagen network both in sections of tumors and nondestructively in vivo is of clinical importance. Miniaturization of two-photon microscopes combined with fiber endoscopy may be used to determine the collagen signature in vivo. [46] [47] [48] [49] Imaging endoscopes rely on the backscattered SHG signal, and although the SHG signal in the forward direction is dominating, 5, 7 the backscattered signal is shown to be sufficient for collagen detection. 12, 13 The SHG signal from immature thin fibrils has even been shown to be prominent in the backscattered direction, whereas mature fibers produce more forward-directed SHG. 7 This may be of importance for the detection of collagen in tumor tissues having more immature fibrils.
Low collagen density was in the present work shown to correlate with cancer, and the collagen density may also predict progression and prognosis. 50 However, there are a few reports describing higher collagen level in tumor tissue compared to corresponding normal tissue. 51, 52 Collagen can be characterized by its distribution and content, as well as structural parameters. The present work suggests that collagen density is a sufficient parameter for detection of cancer, and more sophisticated structural parameters based on polarizationdependent SHG intensity may not provide additional diagnostic information. However, such measurements are of importance to understand more about collagen fibrillogenesis and the generation and molecular source of the second-harmonic signal.
